Microalgal biomass is processed into products by two main process steps: 1) harvesting and dewatering; and 2) extraction, fractionation and conversion. The performance of unit operations for harvesting and dewatering is often expressed in qualitative terms, like "high energy consumption" and "low in operational cost". Moreover, equipment is analysed as stand-alone unit operations, which do not interact in a chain of operations. This work concerns a quantitative techno-economic analysis of different large-scale harvesting and dewatering systems with focus on processing cost, energy consumption and resource recovery. Harvesting and dewatering are considered both as a single operation and as combinations of sequential operations. The economic evaluation shows that operational costs and energy consumption are in the range 0.5-2 €·kg − 1 algae and 0.2-5 kWh·kg
Introduction
The increasing demand for food, energy and materials raised the role of microalgae feedstock in the biobased economy. However, commercial production of algal products is still in its infancy. To commercialize algal biomass as a commodity, the production costs for algal products should be decreased at least by a factor 10 [1].
The production of algal based products has three main steps: 1) biomass cultivation, 2) harvesting and dewatering, and 3) biomass extraction, fractionation and conversion. Algal biomass cultivation occurs in open or closed photobioreactors. These reactors deliver a very dilute algal solution ranging from 0.05-0.075% dry matter for open pond systems to 0.3-0.4% for closed systems. The function of harvesting and dewatering is to increase the total solid matter up to 10-25% of total dry matter [2] or even to a dry product. Harvesting and dewatering can be done in one or more successive steps, depending on the type of applied equipment. In the last stage of processing, the harvested biomass is split into fractions towards the aimed components, like lipids, proteins and carbohydrates. Furthermore, specific components of interest are processed into user products, such as biodiesel from lipids.
Cultivation is the main cost contributor for algal based products [3, 4] . However, harvesting and dewatering of microalgae biomass are also considered as an important contributor to the total costs. Several studies report the harvesting costs at 20-30% of the total production costs [2, [5] [6] [7] [8] . The high capital expenditure and energy consumption result from the dilute algae solutions, the large volumes to be processed, and the small size of microalgal cells [1, 5, 9] .
Various unit operations show potential to be implemented for harvesting and dewatering. These technologies range from proven technologies to innovative process unit operations. Application of the technologies is not straightforward due to the physical and chemical properties of dilute algal solutions. Table 1 gives an overview and qualifications, from existing literature, of possible unit operations for harvesting and dewatering. Harvesting and dewatering of algal biomass can be carried out by using a single technology with high impact performance or by combining multiple unit operations in a sequence. The effectivity of combination of unit operations in sequence depends on the individual performance of each unit. The choice of a unit operation for the first concentration step or harvesting also affects the choice and performance of the following units in the dewatering step [10] . Fig. 1 shows a structure of possible combinations of unit operations. Concentrating microalgae from the cultivation medium can follow three strategies: 1) a single-step harvesting and dewatering to the aimed concentration; 2) one step of harvesting followed by a separate dewatering step; and 3) one step of harvesting followed by two steps of dewatering. These three strategies can be followed by drying to extend the shelf-life and to make the product accessible for further downstream processing [5] . The choice for the strategy is also set by the constraints of an operation, such as the maximal feasible concentration, the viscosity of the concentrate, etc. For example, flocculation is effective up to 2-2.5% dry matter [22, [26] [27] [28] and membrane filtration to 5-7% dry matter [29] . These operations need a third operation to reach a final concentration of 10-25% dry matter, as a result of the mentioned constraints.
Sedimentation, driven by the gravitational force, has long settling times (10 h or longer) and can reach only total solid contents up to 2-3% [9] . Therefore, this method is not attractive for large scale applications [20] and is outcompeted by flocculation. Solar drying is also slow, requires large areas and has a high risk for contamination and loss of biomass [8, 25] . Therefore, these technologies are not given in Fig. 1 as options for processing algal biomass in large scale applications.
Harvesting and dewatering are often assessed qualitatively (e.g. qualifications used in Table 1 ) or papers report experimental results of just a single unit operation [2, 9, 30, 31] . Generally, quantitative assessments of technologies for harvesting and dewatering focus on energy demand and yield [31] . A common drawback of existing evaluations is due to the stepwise approach. In this type of approach, each technology is considered for a specific task, while the interaction of all operations in a chain, and subsequent overall performance, are not evaluated or discussed. The main goal of this study is, therefore, to quantitatively analyse combinations of harvesting-dewatering systems. This quantitative analysis is based on a techno-economic assessment of harvesting and dewatering systems available at industrial scale. In this analysis, feasible configurations of proposed unit operations, as given in Fig. 1 , are considered. The main addressed criteria are biomass recovery, energy requirement, capital, labour and other operational expenditures per kg of harvested biomass. Moreover, aspects such as chemical consumption, resource recovery and opportunities to recycle the medium to cultivation site are discussed. In an effect analysis, the role of different feed concentrations obtained in different cultivation systems, the role of seasonal changes, production characteristics related to the latitude, and the role of automation are discussed. The results of the analysis gives a clear view on the efficiency of harvesting-dewatering processing chains in terms of cost, energy consumption, and resource recovery. Fig. 1 illustrates the succeeding steps and unit operations that are applied for harvesting and dewatering in this work. The available technologies for the harvesting step are membrane filtration, chemical flocculation, vacuum and pressure filtration, centrifugation, and spiral plate technology. For dewatering step, membrane filtration, vacuum and pressure filtration, centrifugation, and spiral plate technology, can be applied. A short description of the technologies is given in Appendix A. Technologies, such as centrifugation, vacuum and pressure filtration and spiral plate technology, have the potential to achieve high biomass concentrations and possibly do not need an additional dewatering step. Membrane filtration and flocculation are limited in the maximal concentration and require a successive step (centrifugation, vacuum or pressure filtration or spiral plate technology) to achieve a high concentration solution. Moreover, an initial harvesting step reduces the volume size significantly and it is, therefore, meaningful to quantify the role of volume reduction on the performance of a chain of operations.
Approach and methods

Model based analysis
A model-based approach is applied for the techno-economic evaluation. For each unit operation a simulation model is defined. The models concern the input-output mass and energy balances for each unit operation. Additional relations are included to connect the energy demand and product yield to economic estimation elements (see Appendices B and D). The models for the unit operations are made in Excel. A flexible structure is used to connect all unit operations with each other in any combination, as given in Fig. 1 .
The function of harvesting and dewatering is to split feed streams, 
